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ABSTRACT
Plastics are versatile, durable, and can be manipulated to match different needs. The COVID-19
pandemic has demonstrated the importance of reducing plastic waste and is believed to be
responsible for increasing the generation of plastic waste by 54,000 tons/day which was reported in
2020. Another widely available waste is biomass waste. Agriculture and agroforestry, forest and
wood processing, municipal waste, and the food industry are all considered major producers of
biowaste. Co-gasification is considered one of the most promising methods of chemical recycling
that targets the production of syngas (hydrogen and carbon monoxide) and light hydrocarbon gases.
In this study, the gasification of pure birch sawdust wood (BSD) and pure rice husk (RH) was
compared with mixtures where each BSD and RH was mixed with both LDPE and HDPE in the
presence of three different bed materials, namely silica sand, olivine, and red mud. It was found that
mixing the biomass with LDPE and HDPE increased hydrogen gas (H2) production. The Hydrogen
gas concentration in the product gas increased slightly from 10% to 12% by volume when birch
sawdust (BSD) was mixed with LDPE with a ratio of 1:1, while the hydrogen gas concentration
increased to 15-16% by volume when birch sawdust was mixed with HDPE with a ratio of 1:1 and
olivine has been used as bed material. The lower heating value of the produced gas, which has a
direct relationship with the hydrogen and light hydrocarbons concentration, increased from 2.8 to
5.7 MJ/Nm3. Red mud increased the lower heating value of the produced gas when rice husk was
premixed with HDPE from 3-4 MJ/Nm3 to 5.5-6 MJ/J/Nm3, however, the main drawback of using
red mud as a bed material was the occurrence of attrition which requires a precautionary measure to
control the dust produced and prevent air pollution. The produced gases from the gasification
processes are commonly used in internal combustion engines applications, but due to the high
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content of hydrogen gas (H2/CO range 2-3) in the product, it can be considered a renewable source
of hydrogen by further processing the gas mixture to obtain pure hydrogen gas that is utilized in
various chemical industries.

Keywords: Air gasification, Bubbling fluidized bed, Olivine, Biomass, LDPE, HDPE
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Abstract for lay audience
Plastics are widely used all over the globe. The disposed quantities of plastics are increasing daily,
as well as agricultural waste. Plastic recycling is challenging and needs an innovative way to keep
the environment safe while regaining the value out of that used plastics. Currently, only 10% of the
plastic is being recycled with a limited number of turns. Chemical recycling of plastics can recover
the material and convert the waste into a valuable material. A technique called gasification is capable
of converting plastics into syn-gas (H2 ,CO). The plan is to test a reactor to undergo this process,
then mix the plastics with agricultural waste to prevent the plastics from sticking to the reactor. The
final stage was studying the effect of different materials (sand, olivine, and red mud) on the syn-gas
production when they present inside the reactor at the same time with the plastics. Upon proving the
feasibility of this study and overcoming the challenges, It should be possible to scale the reactor to
convert more plastics and agricultural waste, preventing the contamination of the environment and
providing syn-gas to communities to produce electricity or feeding the syn-gas into the chemical
industry.
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1. Introduction and Background
1.1 Research Motivation
UN Sustainable Development Goals were declared back in 2019 to secure a more sustainable
globe. Goal number 7 (SDG7), which is considered affordable and clean energy, needs to be
addressed as soon as possible to lessen the danger of using high carbon emitter fuels such as coal
that was used to produce 42 terawatt-hr in 2019, which represents 25% of the global energy [1].
Goals number 15 and 16, life below water and life on land, suggest giving special attention to our
ecosystem. On the grounds of having an increasing supply of plastic waste, as one of the major
challenges facing the globe due to its persistence against decomposition and the increasing amount
being disposed to the landfills and the oceans (estimated to be 1.6 million tonnes/day [2]), the three
pillars of resources recovery should be considered. This study is implementing chemical recycling
as an approach to utilize plastic wastes (LDPE, HDPE) efficiently and environmentally friendly
by using it as a feedstock that is premixed with another biomass waste and being fed together into
a bubble fluidized bed gasifier.
Unintentionally 10-20 million tons of waste plastics reside in oceans [3] when the widely agreed
way of disposal is the landfills where plastic may remain in its state for decades without
decomposition. There is a huge interest in the recycling of plastics by all stakeholders of the
industry. In May 2021, three giant players Dow, LyondellBasell, and NOVA Chemicals
announced, “the closed-loop circular plastic fund”, which is $25 million that is directed to
establishing the recovery and recycling of plastics in the USA and Canada. Al Salem et al [5]
categorized plastic waste management into four different ways namely primary, mechanical
recycling (secondary), chemical (tertiary), and energy recovery.
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Rice is being served as a daily meal and is suitable for growing in different countries like China,
India, Thailand, and Egypt. Rice husk is the coating of the rice grain and represents around 22%
of the total product with an approximate 167.1 million tonnes of RH annually [6]. In many
countries, the farmers used to put the husk on fire in the fields because of their low monetary value,
which leads to a huge pollution problem due to the smog that is produced[7], [8]. No doubt that
the workers in this field are the most affected population due to long durations of exposure to the
dust leading to a long list of respiratory problems like phlegm, dyspnea, chest tightness, cough,
and nose irritation [9][10]. In addition to the health complications, the CO2 and CO emissions of
the rice husk firing contribute to global warming [11,12].

1.2 Literature Review
1.2.1

Biomass waste

Biomass waste is a common term that is used to describe wastes that are produced from biological
activity or biological sources, such as agricultural waste, forestry residue, livestock manure, timber
industry waste and a considerable portion of municipal waste [11]. It’s not uncommon to have
mixed streams of wastes that need to be co-processed especially since the separation of them will
impose cost overburden.
Lignocellulosic biomass is the most abundant source of biofuel. The understanding of the
characteristics of biomass is essential to understanding and manipulating its behavior during
processing [12]. The most significant properties of the reaction include particle size, proximate
analysis properties, elemental composition, energy content, and chemical composition. Other
properties are more essential from the operational point of view such as grind-ability, density,
flowability, moisture sorption, and thermal properties.
2

Rice is considered as the second most abundant crop waste energy reserve at estimated energy in
the range between 3.29 to 15.2 EJ [13]. Rice residue is the inedible fibrous material left in the field
after harvesting the rice crop. Farmers in many countries just burn the rice residue and mix its ash
with the soil as a fertility source. That process creates a lot of smoke, particulates, and greenhouse
gases which exposes the health of the population to hazards and drops the air quality over a wide
area (miles away) from the rice fields. The particulate PM 2.5 specifically was found to be 44-168
mg/m3 [14] exceeding the US environmental protection agency (EPA) recommendation which is
15, 35 µg/m3 yearly average and daily average respectively [15].

1.2.2

Plastic waste

The COVID-19 pandemic has demonstrated, the indispensable need for plastic products. Plastics
are deemed to be versatile, durable, and can acquire proper strength to match different applications’
needs. Plastic can acquire a wide range of mechanical, electrical, and optical properties. It is used
in almost every application in our daily life such as packaging, electronics, transportation, and
sports. Both sectors, the social sector (such as educational premises, shopping stores, governmental
premises, etc) and the medical sector experienced a dramatic surge in plastic usage during taking
preventive measures to slow down the spread of the COVID-19 virus. Different firms, where the
public is supposed to keep a social distance and proper hygiene, were compelled to use plastic
products like stickers, banners, signs, and sanitizer bottles to direct the population and promote
hand hygiene [2]. The medical sector has the highest leap in plastic wastes production [16]. It is
obvious that the production of plastics products is unceasingly growing. Plastics is a synthetic
versatile material that is flexible in gaining different properties. A world without plastic is not
feasible. Global plastic production has been on a continuous increase since the 1950s (Figure 1-1).
3

It has increased more than three folds from 100 MMT in 1989 to 368 MMT in 2019 [17]. In 2020,
Europe produced 55 MMT of plastic, however only10.2 MMT of plastic waste have been collected
and sent to recycling facilities [18].

Production volume in millions metric tons

Annual production of plastics worldwide from 1950 to 2020 (in
millions metric tons)
400
350
300

250
200
150
100
50
0
1950 1976 1989 2002 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 1-1 Global plastic production 1950-2020. Reprinted from statista.com [17]

1.2.3

Waste-to-Resource

Plastic waste treatment is predominantly done via three common main processes: Landfilling,
mechanical recycling and energy recovery [19]. Landfilling is a major contributor to marine ecotoxicity. Countries strive to generate energy from waste instead of dumping it into landfills due to
declining landfill space. Although incineration is considered as an accessible way to recover
energy from waste, it is a major source of greenhouse gases emission [20] and toxic compounds
would result from incineration [21]. So nations cannot expand more in such technology.
Mechanical recycling is mostly accompanied by the degradation of plastic properties limiting the
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number of recycling times [22]. Therefore, a more eco-friendly technology needs to be used to
recover energy and chemicals out of the waste streams. There are two routes for material
conversion which are biological conversion and thermochemical conversion.
The biological conversion includes fermentation and digestion, is usually chosen for non-woody
substances that are rich in cellulose that is not highly embedded in a hemicellulose/lignin structure
[23]. For example, organic fraction of MSW and waste-activated sludge [24]–[26] , and manure
[27], [28]. The biological treatment drawback is the long time needed for the microorganisms to
consume the feedstock which led researchers to pre-treat the feedstock to shorten the processing
period but the pre-treatment is associated with substantial energy consumption, secondary
pollution, and additional incurred high cost [29].
Thermochemical processing is a technique that has been proven as an effective way to recover
valuable chemicals and energy from complex substances with high efficiencies in low moisture.
There are different technologies of thermochemical processing [30][31] such as pyrolysis [32],
gasification [33], hydrothermal gasification, hydrothermal liquefaction [34], carbonization
(torrefaction), and hydrothermal carbonization[35]. Table 1-1 summarizes the different processing
technologies, the water/moisture requirement, and the typical main products.
I have picked up the gasification to tackle this challenge because it yields high quantities of
combustible gas which can be utilized to run engines [36], and offers the power to run an electrical
generator to produce electricity that can be transported and consumed offsite [37][38], or use the
syngas produced to produce fuels and other platform chemicals which are considered of high value
[39].
Gas turbines for power generation were originally developed for relatively large-scale plants, but
GE Jenbacher gas engines were designed to be suitable for small scale plants. Namely, Jenbacher
5

J316 gas engine was deployed in Villanova, Torino, Italy to a pyro-gasification of woody biomass
in 2011[40] [41]. The paramount advantages of gasification of plastics are the recycling of that
liability and production of syngas that can be used in preparing other intermediate chemicals which
will be utilized in other products. By this scheme, a zero waste system can be achieved
consequently contributing towards a circular economy model.

Table 1-1 Different conversion technologies

Thermochemical
conversion

Biological
conversion

Conversion
process

Operating
temperature
°C

Processing
time

Drying

Typical
main
product

Torrefaction

225-300 °C

hours-days

Needed

charcoal

Pyrolysis

400-600 °C

Needed

Bio-oil,
biochar

Gasification

500-1,300 °C

Needed

Syngas

Liquefaction

300 °C

Not required

**

Not required

VFA*
Biogas

Not required

Biogas

Alcohol
fermentation

Anaerobic
digestion
*VFA: Volatile fatty acids
**: products depend on the conditions

4-40 °C

minutes hours
Secondsminutes
minutes hours

1-90 days

1.3 Gasification
Gasification is a well-established thermochemical processing technique that was firstly invented
by Imbert in the French army during WWI to run vehicles then during WWII. Upon the disruption
of the oil supply around the world, it became more demanding to run engines using biomass [42].
It is the is the thermochemical conversion at high temperature of a carbonaceous feedstock into a
6

combustible gas (called producer gas or syngas) by using a gasifying agent or agents, such as steam
and CO2 [43]. At the temperature range 600-1,300 °C and a limited amount of oxygen (air
gasification), the biomass (hydrocarbon) decomposes into carbonaceous solid, condensable
vapours and gases such as hydrogen (H2), carbon monoxide (CO) and other gaseous by-products.
Gasification can be categorized according to the gasification agent (media): air, steam, and oxygen
[33]. Generally, the air is being fed to the gasifier at 20-40% of the stoichiometric quantity (that
would be sufficient to complete combustion) to prevent the complete oxidation of the fuel. The
gasification process can also be categorized by the interaction mechanism between the gasifying
agent and the biomass. The common gasification agents are air, steam, air/steam, and CO2. The
downdraft is suitable for low to medium capacities 10 kW–1 MW [44], while fluidized bed reactors
are suitable for commercial scale-up 110 MW [45] due to efficient heat and mass transfer between
the fluids/solids inside the reactor. The fluidized bed will be discussed in depth later in this chapter.

Biomass
gasifier

Fixed bed
type

Downdraft

Updraft

Fluidized
bed type

Crossdraft

Bubbling
bed

Circulating
bed

Figure 1-2 Gasification categories

A complete gasification process involves four main phases: preprocessing, gasification reaction,
gas clean-up and/or reforming, and gas utilization. The first phase is feedstock pre-processing such
as size reduction and drying. The second phase is to supply heat to start chemical reactions and
enhance using catalysis if applicable. The third phase is the cleaning of the produced gas from the
7

condensable vapors (mostly tar compounds), reforming the gas into lighter and not condensable
hydrocarbons. Finally, the utilization of the product gas in a combined heat and power generation,
liquid fuels via Fisher-Tropsh, gas burner, or fuel cell (Figure 1-3).

Figure 1-3 Gasification process phases [46]

1.3.1

Gasification reactions

Gasification takes place at high temperatures employing heating (internally or externally) in the
presence of the gasifying agent over a series of reactions of Equation 1-2 to 1-11. The overall
reaction can be expressed in Equation 1 as a simplification for typical air gasification. This reaction
is an overall reaction that doesn’t happen over one step but rather happens through four
homogenous and heterogeneous stages [47]–[49]: drying, pyrolysis, oxidation, and reduction (i.e.,
the gasification reactions).
𝑪𝑯𝒙 𝑶𝒚 (𝒃𝒊𝒐𝒎𝒂𝒔𝒔) + 𝑶𝟐 (𝑬𝑹 < 𝟏) = 𝑪𝑯𝟒 + 𝑪𝑶 + 𝑪𝑶𝟐 + 𝑯𝟐 + 𝑯𝟐 𝑶 + 𝑪 (𝒄𝒉𝒂𝒓) + 𝒕𝒂𝒓 + 𝒊𝒏𝒐𝒓𝒈𝒂𝒏𝒊𝒄 𝒎𝒆𝒕𝒂𝒍𝒔
Equation 1-1 Biomass overall gasification reaction

The first stage involves the vaporization of the water content in biomass (moisture) at about 120200 °C. The second step is the pyrolysis reactions known as devolatilization where light
hydrocarbons, tar, CO, and CO2 are formed. The solids are char and ash. Pyrolysis reactions are
endothermic reactions that occur in the temperature range 200-700 °C. The third stage is called
8

oxidation, or combustion, which entitles the exothermic reactions that lead the temperature to reach
800-1,100 °C, converting the fuel into H2O, CO2, tar, and hot reactive charcoal. Finally, in the
reduction stage, which is a group of endothermic reactions, products from the previous stages react
to form the final product gases mainly hydrogen, Carbon monoxide, and methane, the residue is
char and ash. Inorganic metals resides in either the char/ash.

Table 1-2 Main chemical reactions in the gasification adapted from [50]

Process

Drying
Oxidation

Steam
Gasification

Hydrogen
Gasification

Reaction

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10

H2Ol→ H2Og
C + ½ O2 → CO
CO + ½ O2 → CO2
C + O2 → CO2
H2 + ½O2 → H2O
C + H2O ↔ CO + H2
CO + H2O ↔ CO2 + H2
CnHm + nH2O ↔ nCO + (n + m/2)H2
CH4 + H2O ↔ CO + 3H2
C + 2H2 ↔ CH4

Specific
heating
value*
MJ/kmol
-111
-283
-394
-242
+131
-41
Endothermic
+ 206
-75

R11 CO + 3H2 ↔ CH4 + H2O
-227
m
R12 CnHm + (2n+ /2)H2 ↔ nCH4
Carbon dioxide R13 C + CO2 ↔2CO
+172
Gasification
R14 CnHm + nCO2 ↔ 2nCO + m/2H2
Endothermic
*Specific heating value is referred at standard conditions (25 °C and 1 atm)

Carbon partial oxidation
Carbon monoxide oxidation
Carbon oxidation
Hydrogen oxidation
Water-gas
Water-gas shift
Steam reforming
Methane Steam reforming
Hydrogasification
Methanation
Hydrogenation
Boudouard
Dry Reforming

The gasification process is affected by various parameters such as equivalence ratio, reactor
temperature, fuel composition, bed material type, and superficial gas velocity. However, the
reactor temperature and the equivalence ratio are the most important parameters that affect the
heating value of the product gas and its composition [51].

9

1.3.2

Gasification temperature

Gasification temperature has a significant direct relation with the gas yield. According to Le
Chatelier’s principle, Endothermic reactions tend to shift to the products side at high temperatures.
The five main reactions that occur in the gasification process are oxidation, Boudouard, water–
gas, methanation, and water-gas shift. These reactions are mentioned in Table 1-2 section 1.3.1
(steam reforming is more significant (dominates) when using steam as a gasifying medium)
Gasification temperature has been repeatedly studied by researchers as it is considered as a main
parameter in the process. Emami Taba et al. [52] mentioned in a detailed review paper that H2,
CO, Carbon conversion, and cold gas efficiency increase as the temperature increases. While
CO2, CH4, hydrocarbons and tar contents decrease with temperature. That is due to the
predomination of endothermic reactions at the temperature. The Hydrogen increases with the rise
of the temperature due to the promotion of the endothermic reactions such as R6, R8 and R14 in
Table 1-2
The reactor temperature and the temperature profile along the different reactor sections is an
important operating parameter for Allo-thermal gasifiers, since the external supply of heat
provided to the gasifier can adequately be adjusted to obtain the desired temperature. For
autothermal gasifiers, the reactor temperature profile is a state variable of the process, i.e. the
system answers to a set of different parameters, such as the equivalence ratio, residence time,
chemical energy of the fuel, composition and inlet temperature of the gasifying medium, quality
of the reactor insulation, etc. The reactor temperature affects the chemical equilibrium of the
main gasification reactions, as can be deduced by the curves in Figure 1-4 An increase from
about 700°C to about 900°C leads to an increase in carbon conversion efficiency [53], and gas
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yield [54],even though a large amount of residual hydrocarbon products (mainly polyaromatic
tars) is generally still detected at this temperature ([55].

Figure 1-4 The relation between gasification temperature and air coefficient [56]

1.3.3

Equivalence ratio (ER)

The equivalence ratio is the ratio between the oxygen provided for the reaction to the oxygen that
is supposed to be supplied for the complete combustion of the biomass. It has a great impact on
the gasifier temperature, producer gas quality, tar content, and gasifier efficiency. The optimum
ER has been extensively studied by Park et. al. [57] and Mastellone et al. [58] and many others.
They investigated the product gas quality and energy conversion at ER ranges from 20% to 35%
then concluded the optimum ratio is around 20%.

11

𝑂𝑥𝑦𝑔𝑒𝑛 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝐸𝑅 = 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑜𝑥𝑦𝑔𝑒𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 * 100
Equation 1-2
As the ER increases more than the 20s percent range, the temperature of the producer gas and the
quality (H2 concentration, LHV, ..etc) decrease due to excessive inert nitrogen gas that is
introduced to the gasifier [59]. Ma et. al. [60] used rice husk as feedstock and observed that the
increase of ER from 17% to 29% resulted in an increase in the gasification reactions, while the tar
content reached its lowest value of 1.34 g/Nm3 at the equivalence ratio of 17-21%. Han et al [61]
studied the air gasification of waste plastics in a bubbling fluidized bed stated the highest syngas
and methane production were observed was at 15% ER due to the increased oxidation reactions.

1.3.4

Co-gasification

The gasification of a blend of more than one type of feedstock is called co-gasification. The
advantage of co-gasification is the ability to manipulate the composition of the produced gas by
varying the feedstock type and the blending ratio, also co-gasification gives the flexibility to
accommodate the variation of the different waste streams. The concept of co-processing of
different feedstock was implemented in the coal power plant to reduce greenhouse gases and
particulate emissions [62]. It has been viewed as a technique to overcome the difficulties faced
during the gasification of plastics alone [63] and many combinations showed a positive synergy
when processed together at varying ratios [64]. For example, Lopez et al. [65] gasified pure and
mixed feedstock of biomass (pinewood waste) and HDPE in a spouted bed reactor in the presence
of olivine as bed material. The effect of the co-gasification of HDPE was dramatic in the reduction
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of tar and char, where tar from mixed feedstock has been dropped to 16% of the tar produced from
pure biomass. Table 1-3 summarizes the benefits of co-gasification of different blends.

Table 1-3 Blend co-gasification, reprinted by permission from Elsevier (Renewable and Sustainable
Energy Review Journal) [66]

Blend
BiomassCoal

BiomassPlastics

BiomassBio-solids

BiomassPetroleum
coke

Advantages of co-gasification
The addition of biomass in coal gasification reduces the emissions of
COX, SOX, NOX, and H2S due to the fewer contents of S, N, and Cl in
biomass as compared to coal.
Utilization of biomass in coal gasification improves the process
reactivity due to the presence of AAEMs (K, Mg, Ca, and Na etc.) in
biomass which acts as catalysts during the co-gasification process.
The addition of coal in biomass gasification improves the energy
density and sustainable availability of feedstock.
The use of coal in biomass gasification offers some operational benefits
such as less pre-treatment process, ease in the feeding of feedstock, and
better fluidization properties that help to reduce the tar content
The addition of biomass in plastic gasification helps to solve the
problem of feeding, lower formation of black powder, and no stickiness
problem that are the main issues related to plastic utilization in thermal
process.
The utilization of plastic in biomass gasification enhances the
sustainable usage and disposal of plastic waste for energy production.
The addition of plastic improves the energy density of biomass due to
higher hydrogen content in plastics and ensure the continued supply of
feedstock throughout the year for syngas generation in economical
way.
The co-gasification of biomass/bio-solids have offered the many
advantages such as; high volume reduction of bio-solids, reduce
pollutant emissions, immobilizing of heavy metals, pathogens, toxic
materials, orders, and risks of municipal waste .
The high ash content (∼35%) of bio-solids can be reduced with the
mixing of biomass that mitigates the ash melting problem in
gasification process
The higher moisture content of bio-solids (70–80%) can be reduced
with the addition of dried biomass, which eventually improves the
feeding properties of bio-solids .
The low reactivity of petroleum coke and high carbon and sulfur
emission can be reduced with the addition of biomass, furthermore,
AAEMs in biomass ash severs as a natural catalyst in the process.
Utilization of petroleum coke offered high energy density due to its
high heating value (> 32 MJ/kg), high carbon (> 90 wt%), low ash

[49,50]

[67][68][69][65]

[70][71]
[72][73][74]

[75][76][77]
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Coal-Black
Liquor

BiomassTire

content, and low price, which helps to economical commercialization
of biomass gasification
The black liquor is a by-product of the pulp and paper industry [78], [79]
appeared a prominent source for H2 production through supercritical
gasification with the integration of heat and power .
The black liquor usually higher than 80 wt% of moisture content, so its
addition can reduce the water consumption for coal-water slurry
preparation
The blend of biomass/tire improves the gasification reactivity, energy [68] [80]
density due to the addition of biomass and tire char respectively that
solve the disposal issue of polymeric material in environmentally
friendly way. It was proven that, the metals in the biomass-char exerted
catalytic effect which increased the conversion 5 times compared to
tire-char alone.

1.4 Fluidization
Fluidization is an attractive technique due to the efficient heat and mass transfer that is promoted
by good contact between the gases\liquids with the solid bed. It is a widely used process in various
industrial processes, such as coal combustion in power plants [81], fluid catalytic cracking in
refineries [82], and biomass boilers in pulp and paper mills [83]. Fluidization is a technique that
converts a solid bed of particles into a fluid-like material by the means of upward gas that
overcomes the downward forces (weight and drag). The acting forces in a fluidized bed are given
by the equation below
[weight of solid particles] – [buoyancy acting on particles] = [pressure drop of fluid across the
bed] X [bed cross-sectional area]
Equation 1-3 Forces act on particles during fluidization
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The pressure drop is calculated using the Ergun equation:

Δ𝑃
(1 − 𝜀 )2 𝜇𝑢0
1 − 𝜀 𝜌𝑓 𝑢02
= 150
+ 1.75 3
𝐿
𝜀3
𝜙 2 𝑑𝑝2
𝜀
𝜙𝑑𝑝
Equation 1-4 Ergun Equation

where ε, dp, u0, ɸ, and µ are void fraction, mean particle diameter, superficial velocity, shape factor
(sphericity), and viscosity of the fluid, respectively.
According to the flow rate of the upward gas the particles bed can assume different states (Figure
1-5). If the flow rate is so low that simply passes through the voids spaces between the particles,
the bed is defined as fixed bed.
Lean phase fluidisation with

Fixed bed

Bubbling/Fluidizing

slugging

pneumatic transportation

Figure 1-5 Fluidized bed fluidization regimes
With an increase in flow rate where the upward force counterbalances the weight of the particles,
the pressure drop through any section of the bed equals the weight of fluid and particles in that
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section. This is defined as expanded bed. The velocity at which the bed starts to expand is defined
as minimum fluidization velocity (Equation 1-5).
𝑈𝑚𝑓 =

(𝜌𝑝 − 𝜌𝑔 )0.934 𝑔0.934 𝑑𝑝1.8
1,111 𝜇 0.87 𝜌𝑔0.066

Equation 1-5 Baeyens' equation for minimum fluidization velocity

where Umf, g, ρg, ρp, dp, and μ are the minimum fluidization velocity, gravitational velocity, gas
density, particle density, particle diameter, and gas dynamic viscosity respectively.
The minimum fluidization velocity is the minimum superficial velocity that allows the gas to
suspend/fluidize the solid particles of the bed. It depends on the same parameters mentioned
Equation 1-4. Fine particles exhibit a type of behavior that is not found in the coarse particles,
which is the ability to be fluidized at velocities beyond the minimum fluidization velocity.
A good mixing of particles and a uniform heat profile through the bed are achieved when the bed
is fluidised. The mixing happens when the bubbles formed by the upward gas reach the surface of
the bed. Then, they collapse causing the bed surface disturbance which enhances the heat and mass
transfer at the surface of the bed. The bubbles coalesce as they raise through the bed, consequently,
the bubble volume increases with distance from distributor. The bubble will either reach its
maximum volume before reaching the top of the bed or got constrained with the reactor size. In
the second case the bed is called to be slugging. Slugging behaviour results in lower heat and mass
transfer.

1.4.1

Bed material

Derek Geldard studies different fluidization behaviour of beds over a range of particle sizes. He
classified the bed material according to its size and behaviour into four groups namely A, B, C,
and D. The fluidization phenomena have been found to be dependant on the density difference
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between solid particles and the fluidizing medium, and the mean particle size. Geldart [84] has
classified powdered into 4 categories including A, B, C, and D (Figure 1-6).

Figure 1-6 Geldard classification of the powder

Group A powder resembles a widely used materials in the commercial fluidized bed catalytic
reactors where the interparticle forces are present. Group A beds shows a significant expansion at
velocities between minimum fluidization velocity and bubble velocity. Bubbles exhibit resistance
while flow in the dense phase due to the cohesion effect between the particles. Group B is the one
we are interested in its behavior because the absence of the cohesion forces between the particles
and the bubbles appear just at the minimum fluidization velocity. It is commonly used for its
bubbling regime right upon the minimum fluidization velocity. Bed expansion is small and it
collapse once the upward gas shut off. The average particle size of group B ranges from 80-600
μm when the density of the used particles is around 3 gm/cm3. Group C describes the finest powder
(like flour, or cement) where no bubbles can form in the bed due to the strong cohesion between
the powder particles. Group D describes the large and/or dense particles where they tend to cause
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the gas to spout (flow in one channel and mix the particles that are near the channel), so that the
gas flows into the base of the bubble and out of the top without propagating more bubbles [84]
[85].
In case of fluidization of group B powder, the bed may exhibit different fluidization regimes
according to the gas velocity, consequently the forces acting on the particles (Figure 1-5).

1.5 Tar
Tar from an operational point of view is an undesirable black sticky hydrocarbon material that is
produced when treating the biomass or the plastic in a thermochemical process like pyrolysis or
gasification. It is an undesired by-product due to the deposition on downstream lines and
equipment (such as piping/generator) or the deposition over the bed material/catalyst inside the
reactors. Thus, the operators must optimize the operating parameters to prevent/reduce the tar
formation to minimize the shutdown of the operation due to sintered or poisoned bed/catalyst or
fouling downstream the reactor. Researchers classified the tar into primary tar, secondary tar, and
tertiary tar [86]. Primary tar is produced during the pyrolysis stage of the matter gasification, then
undergoes further cracking into secondary and tertiary tar compounds (check section 1.3.1for
gasification stages). At 400 °C range, the tar is mainly the primary product (mixed oxygenates)
that crack at a higher temperature into phenolic compounds (phenolic ethers and alkyl phenolics)
then as the temperature increases to 700 °C they crack into aromatic hydrocarbons.
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1.5.1

Gas cleaning

Gas produced from the gasification process must meet certain criteria to achieve trouble-free
operation for a continuous period and minimize shut down of the equipment that consumes the
product gas. Downstream operations, such as internal combustion engines, gas turbines, fuel cells,
Fischer-Tropsch reactor, or methanol synthesis critical requirement is summarized in Table 1-4.
Table 1-4 Product gas specs requirement for some applications [87]

Process
Internal combustion Engine
Compressors
PEM fuel cells
Methanol synthesis

Contaminant
Tars
Tars
H2S
Tars
NH3
HCN
Total Sulphur

Level

Reference
3

< 10 mg/Nm
50-500
<1 ppm
<0.1 mg/Nm3
10 ppm
0.01 ppm
0.5 ppm

[88]
[89]
[90]
[87]

The internal combustion engine has the most tolerable upper intake levels. The tar, as mentioned
in part 1.4.2, is an undesirable viscous liquid that condenses at low temperature over the exit lines
and inside equipment downstream the gasifier causing an unnecessary shutdown.
Two approaches are considered for cleaning product gas: In-situ tar reduction (primary) or post
gasification tar reduction (secondary). The first one targets the minimization of the formation of
tar by pre-processing the feedstock or by varying the operating parameters of the gasifier. The
latter option is to crack the tar after it has been formed by raising the temperature of tar or have
the tar pass over a catalyst post the reactor before it cools down, both are known as thermal and
catalytic cracking methods respectively. Hot gas filtration is also a gas cleaning method, its
drawback is the continuous pressure drop while deposition of the contaminants filter cake.
Figure 1-7 summarizes the classification of the various approaches.
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Cold gas (in-situ)

Hot gas (post
gasification)

High-temperature devices such as
ceramic filter/candle filter

Dry cleaning

Cyclone, rotating particle separators (RPS),
electrostatic precipitators (ESP), bag filters, baffle

equipment

Primary bed in the gasifier or
in the secondary reformer
Hot cleaning
equipment

Spray towers, packed column scrubber
(wash tower), impingement scrubbers,
venture scrubbers, wet electrostatic
precipitators, wet cyclones, etc

Thermal
treatment
cleaning
equipment
ent
Catalytic
treatment
cleaning
equipment
ent

Figure 1-7 Gas cleaning methods classification

1.5.2

Catalytic treatment

Different types of catalysts have been studied aiming to have the capability to convert the feedstock
and the product tar into useful products in the presence of the other main products (H2, CO, CO2,
and H2O) in the temperature range 600-800 °C where most gasification processes take place.
Resistance to deactivation is another aspect that is usually addressed specifically with biomass that
contains high sulphur content. Other objectives are being targeted in the catalyst such as good
mechanical strength, cost-effectiveness, and non-toxicity. Walter Torres et. al. [91] have stated
many catalysts that have been used in various studies and summarized in Figure 1-8.
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Acidic
acidic zeolites
silica-alumina
hetero-poly-acids
sulfated metal
oxides

Basic
alkaline earth
metal oxides
alkali ionexchanged
alkali ion-added
zeolites

Iron based

Nickel based

Sintered Iron

Ni-MgO

Ankerite

Ni-Al2O3

Iron pellets

clay minerals
alkali metal ions
supported on
silica or alumina
Figure 1-8 Different types of catalysts used to decompose tar compounds

A recent technique has been used by Shen et al. [92] to produce a more sustainable catalyst by
mixing Iron (Fe), Nickel (Ni), and biochar produced from slow pyrolysis of rice husk. It has been
noticed that heavy tar removal efficiency increased to 42% and 93% when used biochar and NiFe-Char as catalysts respectively.
A fluidized bed catalyst is under movement all the time, which dictates the resistance to attrition
to be an important feature in the proposed catalyst. Olivine, which contains high alkali metals (Ca,
Mg oxides) is attractive for that purpose [93] [55] [94] [95]. Olivine has been used as a bed material
by Serrano et al. [96], the produced gas showed high concentrations of hydrogen. It was proven
that the olivine yields high-quality gas and the chemical energy transferred into the gas was 87%
of the feedstock (C. cardunculus L.). Untreated olivine was used in the gasification of sunflower
and willow. The tar reduction has been reported to be approximately 40% less than that produced
while using silica along with an increase in the hydrogen yield. The attrition resistance has been
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examined for calcined olivine, and un-treated olivine, it has been reported that minimal decrease
of attrition resistance was observed on the uncalcined olivine [97].
Red mud, also known as bauxite residue, is a solid waste material generated from the processing
of bauxite using the Bayer process to produce alumina. It is considered a promising cheap source
of iron-based catalysts. Karimi et al. [98] reduced the red mud then mixed it with pyrolysis bio-oil
to increase the stability of the oil. It showed high catalytic activity by suppressing the reactivity of
the oxygenated compounds. Red mud mixed with gasification biochar was able to achieve high
conversion of naphthalene (tar model component) in a wet syngas environment but the coke
deposition was severe which has been controlled by acid activation. The tar conversion was low
when used the red mud was without activation. Cheng et al. reported also that the catalytic activity
of red mud was dropped significantly in the presence of the steam in steam gasification [99].
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1.6 Knowledge gap and objectives
To present the basic gaps for this study, a through literature review was performed to understand
the current state of research related to fluidized beds used for gasification of biomass and plastics.
Based on the review, and to the best of my knowledge, many researchers exerted efforts in the air
co-gasification of biomass with coal but only few of them mixed the biomass with plastics.
Moreover, olivine hasn’t been intensively studied as a catalyst for air gasification of biomassplastic mixture. Red mud, which is a major challenge that faces aluminum industry and is
considered an iron-based catalyst, hasn’t been used in air gasification process as a bed material.
This study is targeting the conversion of both biomass and plastic wastes into a valuable resource
by studying the quality of the product gas that is produced from co-gasification of birch sawdust
and rice husk when mixed with virgin LDPE and HDPE at high temperatures in a bubbling
fluidized bed gasifier. I will investigate the feasibility of conversion of each biomass solely to
address the needs of the forestry waste producers as well as the rice crop field owner.
I will assess the practicality of adding plastics at different ratios to the biomass feed to examine
the operability of processing mixed feedstock because the real-life wastes can be found mixed.
The woody biomass will be mixed with the two types of plastic to investigate the synergy and
compare it to the synergy between the rice husk and the same plastic species. In addition to the
variation of the premixed feedstock, the variation of the fluidized bed material will be tested. Silica
sand has been considered as the control state, Olivine sand, which is a cheap, active material, and
Red mud, which is also known as bauxite residue, will be used as a catalytic bed material. This
study aims also to assess the process applicability and identifying any challenges in utilizing both
materials.
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2. Equipment, material, and methods
2.1 Bubble fluidized bed gasifier
2.1.1

Experimental Setup

The experiments were conducted in a lab scale Bubbling Fluidized Bed Gasifier (BFBG) located
at the Institute for Chemicals and Fuels from Alternative Resources (ICFAR). A scheme of the
BFBG is shown in Figure 2-1. The reactor is made of stainless steel 316L and its total height is
1.75 m. The inner diameter is 76 mm in the bed area and 100 mm in the freeboard zone. The setup
is equipped with two electric furnaces to heat the column and to preheat the fluidization air which
is being pumped through 10 porous discs (Figure 2-2), a screw feeding system combined with a
rotary airlock valve, a cyclone for removal and collection of small particles in the effluent gas, a
bag filter housing, a primary air inlet (the fluidization gas) and a secondary air inlet on the
freeboard to assist volatile combustion (the latter was not used in this study), a water-cooled
condenser for tar removal, and a product gas sampling port. The non-condensable gases are vented
outside. I have done some modifications to the setup to increase the operability and reliability of
the reactor, different modifications were made and they are reported in Appendix A.
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Gas
Feed(fuel)
Bag Filter

Condenser

Tar

Screw feeder

Rotary valve
Carried over particles

Air

Cyclone
valve

Flow
meter
Electric furnace
Bed material
Air pre-heater

Cooling system
Bed discharge

Bubbling Fluidized Bed setup
Figure 2-1 Bubbling fluidized bed reactor schemec including the auxiliary equipments

The reactor monitoring and control system consists of 6 thermocouples, 2 pressure transducers and
2 pressure gauges located at different positions in the system. The signals from the thermocouples
and the pressure transducers were monitored by a handheld data logger which was later upgraded
to an Arduino data acquisition system connected via USB port to an external laptop equipped with
a custom-designed code to acquire, record, save the various readings from the thermocouples and
the pressure transducers.
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2.1.2

Experimental procedures

A detailed Standard Operating Procedure (SOP) document (separately) was prepared during the
maintenance and commissioning stage before commencing the experimental runs. Before each
test, approximatively 2.5-2.8 kg of bed material were inserted, which corresponds to a static height
of 23-26 cm. This height was thought to be optimal for heat transfer from the external furnace to
the bed. The feedstock is pre-mixed and added to the feeding hopper which is higher than the
feeding port in the reactor. Using a double screw feeder and K-Tron control module (Figure 2-2)
the feeding rate is discharged precisely from the screw feeder into the reactor passing through a
rotary airlock valve which helps the reduction of back flow of the gases into the feeding system.
The feeder was calibrated for each feedstock before the experimental runs (Appendix D) to account
for the different biomass size and composition. Both furnaces were switched on to reach the desired
temperature of 750-950 °C and kept at that temperature 30 minutes. The total heating process is
90-120 min.
The pre-heated flowrate of air is controlled using a flowmeter and it was adjusted to keep the solids
bed under bubbling fluidization state. Its temperature was measured throughout the runs and it was
ranging from 190-360 °C, depending on the rate of the air flowing inside the heater. It was noticed
for the range 10-20 scfh that as the rate of the air increases the heat transfer improves, consequently
the exit temperature of the air increases, and vice versa (Appendix C).
The feedstock was being fed after all temperatures stabilize. Gas samples were collected post the
condenser using gas bags.
Collecting the gas from the gas sampling point at the end of the condenser was carried out after
20, 25, and 30 minutes since the start of feeding. 1 L Tedlar® gas sampling bags were used to
sample the syngas after the condenser. The gas samples were analyzed using a Varian micro GC
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CP4900 instrument that is equipped with three columns; 10m MS5A, 10m PPU, and 8m 5CB,
while the carrier gases were Helium and Argon.
After collecting the gas and stopping the feed, The furnace was left running for 30 minutes to make
sure that the whole feed was processed. The hopper was emptied before introducing any other
feedstock type.

Figure 2-2 Porous discs (SS 316L) at the wind box

Figure 2-3 K-Tron control module
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2.2 Feedstock (biomass and plastics)
2.2.1

Preparation

Two types of biomass have been used in this study. The birch sawdust used in this study was
obtained from ICFAR stock, while the rice husk has been obtained from Texas, US.
Both biomass feed have been ground, sieved, sorted according to its particle size. Only two ranges
have been used (0.3-0.85 mm and 0.6-1.4 mm). I used standard test sieves from W.S Tyler to
control the particle size range for each run to prevent discrepancies in the feeding rate. The list of
sieves included No.14, No.20, No. 30, No. 50 (1.4 mm, 850 μm, 600 μm, 300 μm).
Both Low-Density Poly Ethylene (LDPE) and High-Density Poly Ethylene (HDPE) were obtained
from NOVA Chemicals® in Sarnia, Ontario. LDPE grade is widely used in shrink wrap, food
packaging wrap, and dispensing bottles. HDPE is generally used in manufacturing chemical
containers (shampoo, detergents…etc), milk jugs, pipes, and automotive parts. The mixtures were
premixed rigorously before being fed to the hopper (Figure 2-4).
a

b

Figure 2-4 Birch sawdust mixed with LDPE (a-before mixing b-fully dispersed before being fed
into the reactor hopper)
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2.2.2

Characterization of the feedstock (biomass and plastics)

2.2.2.1 Proximate analysis
The biomass and the plastic have been analyzed by proximate analysis to assess the amount of
volatile matter (VM), fixed carbon (FC), and ash content according to the ASTM D1762. First,
birch sawdust/ rice husk were ground and sieved to a particle size of 1mm, then dried in the muffle
oven at 105 ºC for 2 hours to remove the moisture. Then, raise temperature to 950 °C and 750 °C
for 6 minutes and 6 hrs to measure volatile matter and ash, respectively. The proximate analysis
to be measured after each heating stage.
Moisture, % = [ (A-B) / A] X 100
Equation 2-1 Moisture from proximate analysis

where: A = grams of air-dry sample used, and B = grams of sample after drying at 105 °C.
Volatile matter, % = [(B-C) / B] X 100
Equation 2-2 Volatile matter from proximate analysis

where: C = grams of sample after drying at 950 °C
Ash, % = D/B X 100
Equation 2-3 Ash from proximate analysis

Where D = grams of residue
Fixed Carbon, % = 100 - (Moisture – Volatile matter – Ash)
Equation 2-4 Fixed carbon from proximate analysis

2.2.2.2 Ultimate analysis
Ultimate analysis was conducted to determine carbon, hydrogen, nitrogen, and oxygen content,
using Thermo Flash EA 1112 elemental analyzer (CHNSO). The system was calibrated using the
29

first four samples, 0.5, 1, 2, and 2.5 mg of BBOT (2,5-Bis (5-ter-butyl-benzoxazol-2-yl) thiophene)
(CE Elantech, NJ, US) [100]. Each of the tin capsules contained 1-2 mg of biomass or plastic and
8-10 mg of vanadium pentoxide to achieve complete conversion of sulphur. Samples were
combusted at 900°C in a stream of helium with a known volume of oxygen. This technique
produces N2, CO2, H2O, and SO2, which were then subjected to separation and quantification using
gas chromatography, which comprises a steel column 2 m long and 5 mm in diameter, and helium
as a carrier gas (flow rate of 140 mL min-1). Finally, the elements were detected using a Propack
model thermal conductivity detector (TCD). The oxygen content was determined by difference.
The results of both proximate and ultimate analysis for the fuel studied are reported in Table 2-1.

Table 2-1 Proximate and ultimate analysis

Material

BSD

Ultimate analysis (wt%, dry
basis)
C
H
O*
N
S
44.8

5.6

49.5

0.14

0

RH

37.4

5.5

56.0

1.02

0.08

LDPE

83.5

12.9

3.1

0.03

0.40

HDPE

83.6

9.1

1.6

1.53

0.38

Proximate analysis (wt%, dry
basis)
MC
VM
Ash
FC*
9.17% ±
7.83%
81.98% 1.03%±
1.02%
±
± 0.86% 0.09%
0.24%
10.24% ±
0.05%

66.67%
± 0.33%

0.02%

99.96%
± 0.06%

0.03%

99.97%
± 0.03%

HHV
(MJ/kg)

16.83

16.83%
±
0.08%

6.24%
±
0.28%

14.60

-

-

46.56

-

-

46.75

*

: by difference

30

2.3 Bed Material
2.3.1

Preparation

The first bed material used in this work was silica sand (SiO2) particles brought from Optaminerals,
Ontario, Canada, with a particle density of 2,860 kg/m3. The sand was sieved to a particle size of
300-600 μm (US mesh No.30 and 50) (resulting in Geldart group B particles).
The second bed material used in this work is olivine sand (magnesium iron silicate,
(Mg,Fe2)SiO4))brought from ICFAR in-stock chemicals, with a particle density of 3,340 kg/m3.
The olivine was used at a size distribution of 177-250 μm (US mesh No.80 and 60) (resulting in
Geldart group B particles).
The red mud is considered an environmental liability due to being waste from the aluminum
industry process, it has been obtained from Alcan International Ltd., Canada as slurry. The water
content varies according to the source and time spent in the tailing ponds before being transported.
I had to dry the slurry at 105 °C for 12 h before being able to crash it using a mortar. After drying,
the red mud was sieved to a particle size of 177-250 μm (US mesh No.80 and 60) (resulting in
Geldart group B particles). Its density was found to be 2,670 kg/m3.
It is part of the experimental procedure to maintain the bed material at the target temperature of
the experiment for at least 60 minutes and not more than 90 minutes before commencing the
feedstock.
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2.3.2

Characterization of bed materials

Specific surface area, average diameter, bulk density and pore volume are summarized in
Table 2-2
Table 2-2 Bed material specifications

Bed material

Silica sand
Olivine sand
Red mud

BET surface
area, m2/g
2.734
12.181

Size
range,
μm
300-600
300-600
177-250

Bulk
density,
kg/m3
2,860
3,340
2,670

Average pore
size, nm
3.751
3.446

Total pore
volume, cm3/g
0.0026
0.0209

The chemical composition of olivine can be explored using XRF. A typical composition of olivine
is mentioned in Table 2-3 [101]
Table 2-3 Chemical composition of Olivine

Compound
MgO
SiO2
CaO
FeO
Al2O3
Cr2O3+TiO2+K2O

Fraction (wt%)
42.19
40.97
7.21
6.71
2.84
0.08

Red mud as mentioned earlier is a by-product of alumina processing so the dominant
compounds are Fe2O3,Al2O3,SiO2,TiO2, CaO, and Na2O [98].
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2.4 Experimental plan and methods
2.4.1

Experimental plan

Both types of biomass have been gasified separately in the reactor in the presence of one of the
three bed materials to study the effect of the bed material alone at the same equivalence ratio and
temperature. The equivalence ratio, which is the ratio of the air supplied to that needed for
complete combustion has significant effect on the fluidization behaviour of the bed. ER was fixed
to prevent the hydrodynamics changes from influencing the results. The gasification has been
studied at low temperature (750 °C) and high temperature (950 °C) for pure birch sawdust. Another
set of experimental runs has been conducted using birch sawdust mixed with LDPE at different
concentrations 15%, 30%, 50%wt (LDPE weight/sample weight) to study the effect of increasing
LDPE on the product gas quality. For each test using 50% LDPE, another test using 50% HDPE
was undergone to compare the LDPE vs the HDPE. The novelty in this work is the examination
of the red mud effect on the product gas in comparison with silica sand and olivine sand. List of
the experimental parameters is in Table 2-4. Pre-mixing has been done prior feed to the hopper.
Precise tuning of biomass flow was not directly corresponding to the feeding module because the
module controls the speed of the screw feeder not the mass of the materials being fed. Therefore,
I had to calibrate the feeding rate for each biomass, plastic, and their combinations Appendix D.
The calculated ER values are based on the air flow rate and the biomass/plastic ultimate analysis
are given in Table 2-1.
The temperature of the majority of the runs was 850 °C due to the higher yield of hydrogen noticed
during biomass gasification.
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Table 2-4 factors and levels used in design of experiments

Factors
Levels

Temperature
(°C)
750

Feedstock

Bed material

BSD 100%

Silica sand

800

RH 100%

Olivine sand

850

BSD+50% LDPE

Red mud

BSD+50% HDPE
RH+50% LDPE
RH+50% HDPE

2.4.2

Calculating the calorific value HHV/LHV

The higher heating value (HHV) and lower heating value (LHV) are commonly used as a
measurement for the energy content. HHV is defined as the total amount of heat of material
including the latent heat of vaporization of water vapor produced during the combustion of the
material. LHV is similar to HHV excluding the latent heat of vaporization of water vapour. Energy
consumers are more interested in the LHV whenever it’s not practical to recover the heat of
vaporization from the combustion product stream. HHV is determined experimentally using bomb
calorimeter according to ISO 1928:2020 (Coal and coke- determination of gross calorific value),
ISO 18125:2017 (solid biofuels), or by calculation based on ultimate (elemental), proximate and
structural (chemical) composition. I have used the bomb calorimeter to measure the HHV of the
feedstock. For the product gas calorific value calculation, Equation 2-5 was used. Table 2-5 shows
the standard heating values of H2, CO, and CH4 [102].

𝐻𝐻𝑉 (

𝑀𝐽
) = 𝑋𝐻2 ∗ 𝐻𝐻𝑉𝐻2 + 𝑋𝐶𝑂 ∗ 𝐻𝐻𝑉𝐶𝑂 + 𝑋𝐶𝐻4 ∗ 𝐻𝐻𝑉𝐶𝐻4
𝑁𝑚3
Equation 2-5 High Heating value for the product gas
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Table 2-5 The standard heating values of H2, CO, and CH4.

2.4.3

Gases

H2

CO

CH4

HHV (MJ/Nm3)

12.74

12.63

39.82

LHV (MJ/Nm3)

10.78

12.63

35.88

Gas yield

Based on the law of conservation of mass, the yield of product gas was calculated based on the
nitrogen content in the gas exiting the reactor. The air supplied to the reactor contains 79% N2 and
21% O2. While oxygen is being consumed in the reactions, the nitrogen is an inert gas, with a
constant flow rate. The nitrogen exists at a very low concentration in the feedstock (0-1.5 wt%),
therefore it can be neglected. The gas yield was calculated by using the nitrogen concentration
acquired from the Micro-GC analysis as an internal standard.

Vᵒ air (m3/hr)
79% N2

Qᵒ product gas (m3/hr)
y2 % N2

Vᵒ biomass
y1 %N2
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3. Results and discussion
3.1

Gasification of pure biomass

3.1.1

Gasification of pure birch sawdust (temperature variation)

The first group of experimental runs were meant to study the temperature effect on the gasification
process to verify the reliability of the system, and standardize the temperature, and the equivalence
ratio of the remaining experimental runs. Silica sand was used as a bed material for these runs.
Temperature of the bed was raised from 700 °C to 850 °C before introducing the fuel to the reactor,
the air was heated to 200-300 °C. The flow rate of the air was adjusted and measured to keep the
equivalence ratio at the optimum range of 17-20%. The produced gas was collected in Tedlar®
gas sampling bags to be analyzed using the micro-GC. Samples were collected after 20 to 30
minutes from the start of feeding. The readings from micro-GC were averaged.
Table 3-1 summarizes the produced gases at 700 °C; hydrogen, carbon monoxide, carbon dioxide,
and methane had concentrations of 7.1%, 18.4%, 11.3% and 4.8% respectively. When the
temperature was raised to 850 °C, the hydrogen concentration doubled due to the endothermic
reactions, such as water gas (R6) , Methane steam reforming (R9), and Bourdourd reaction (R13)
as shown in Table 1-2, by shifting the chemical equilibrium towards the formation of products
according to Le Chatelier’s principle. A significant increase in the carbon monoxide and the
heating value were observed.
The rise of temperature favored the formation of H2 and decreased the formation of hydrocarbons,
tars and char is in agreement with other researchers findings [67]. This is attributed to the
occurrence of the endothermic reactions and the suppression of the exothermic reactions.
The produced gases from 100% BSD had higher heating values ranging from 4.8 to 7 MJ/Nm3.The
main contributors to the heating value from the BSD are the methane and the carbon monoxide
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which represented 4.8-5.4% and 18.4-25.9% (%vol) respectively, while hydrogen was measured
to range from 7.1 to 12.8%. The H2/CO ratio in the produced gases from 100% woody biomass
increased from 0.38 to 0.49 as temperature increased. The gas composition is in alignment with
other researchers as shown in Table 3-5.
Table 3-1 Effect of Temperature on gas composition from pure BSD

H2 (%)
CO (%)
CH4 (%)
CO2(%)
LHV (MJ/Nm3)
HHV (MJ/Nm3)

BSD
700C
26%

BSD
800C
21%

Kim et al.
[104]

7.1
18.4
4.8
11.3
5.2
5.5

12.8
25.9
5.4
8.2
7.0
7.4

12.7
15.5
5.7
15.9
-

Lucio
and
Maria
[105]
12
17
4
15
6.15

Another batch of BSD mixed with 50% LDPE was prepared and gasified at the same temperature
interval,
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3.1.2

Gasification of pure rice husk (temperature variation)

The rice husk was used as the feedstock over the silica sand bed. The airflow rate was kept
constant for the three runs in order to keep the equivalence ratio steady at 18.5%. The gas
composition has been measured over the temperature range 750-850 °C at a constant equivalence
ratio. The measured product gas concentrations are shown in Table 3-2
Table 3-2 Rice husk (variation of Temperature)

This study

Temp (°C)
H2(%)
CO (%)
CH4 (%)
CO2(%)
LHV (MJ/Nm3)
H2/CO

750
4.35
12.18
2.45
5.01
2.89
0.36

800
6.82
12.68
3.76
4.95
3.69
0.43

850
9.95
18.56
4.35
4.92
4.98
0.4

Behainne
et al.
[106]*

Makwana et
al. [107]**

3.5-6.8
8-14
2.8-4.09
10-14.5

6
18
3
3.9 (HHV)

0.350.39

*ER=0.2-0.36
**ER =0.3
It is observed that the overall gasification reactions and hydrogen production increased at higher
temperature, consequently the heating value increased. The hydrogen and the heating value were
observed to be doubled when the temperature was raised from 750 °C to 850 °C, while CO2
stabilized at the same value. The heating values of the produced gas which has been calculated
based on the empirical correlation given in Equation 2-5 on page 34, showed the same trend as it
is a reflection of the three combustible components H2, CH4, and CO.
The high temperature increased the rate of endothermic reactions such as the water gas reaction
and Boudouard reaction, by shifting the chemical equilibrium towards the formation of products
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according to Le Chatelier’s principle. Besides, a significant increase in the carbon monoxide and
the heating value was observed[67][108].
During the gasification of the rice husk, a larger amount of ash left over was observed than that
found during birch sawdust gasification. This can be predicted from the proximate analysis results
which indicated in Table 2-1, where the ash percentage was 16.8% for the rice husk compared to
1% in the birch sawdust. The existence of the volatile matter of biomass, which is the portion that
can convert into gases relatively easier than the fixed carbon, enhanced the solid to gas conversion
at high temperatures. This can be anticipated from the proximate analysis. In other studies when
compared the volatile matter content of coal (<35%) to that of biomass which has higher volatile
matter (>50%) [50][66] the gas yield was noticed to be higher.
Many researchers observed an increase in the gas conversion with the temperature. For instance,
Pinto et. al. [67] steam gasified the PE waste with pinewood feedstock at a ratio of 10%
wPE/wsample over a temperature range from 740 °C to 885 °C; he noticed a 100% increase in the
gas yield while only 65% rise of the yield when gasified the PE at ratio 40% of the feedstock. He
noticed an increase in conversion of feedstock into a gas, and hydrogen content increased as the
temperature increased when mixing the pine wood with 20%.. Narvaez et. al. [109] mentioned
a100% jump in the hydrogen from 5 to 10% when the temperature increased from 700 °C to 850
°C.
We conclude that the gasification temperature has a determinantal effect on the produced gas.
Although both exothermic and endothermic reactions occur simultaneously, the higher the
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temperature, the higher carbon conversion. Moreover, The more volatile content of the fuel the
higher the yield and the efficiency.
Therefore, The addition of plastics (LDPE and HDPE) to the birch sawdust and the rice husk is
promising
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3.2 Co-gasification of LDPE pre-mixed with birch sawdust
The study of the effect of the LDPE ratio in the feedstock has been done by gasification of birch
sawdust pre-mixed with LDPE at three different percentages: 15%, 30%, and 50% (by wt% ).
Silica sand was used as a bed material for these runs. The temperature of the bed and the
equivalence ratio of air were kept constant at 850 °C and 16-17%, respectively, due to the
satisfactory quality of product gas obtained from the previous runs that match the literature
suggested optimum temperature.

As observed from Table 3-3, a consistent increase in hydrogen and methane was observed while
CO fell continuously upon the addition of LDPE to the birch sawdust. When we compare the gas
from the 15% LDPE to the 50%, it is obvious that hydrogen increased 50% to reach 12% by
volume of the produced gas. CO decreased from 8.8 % to 4.9%, which resulted in the H2/CO
ratio increasing from 0.9 at 15% LDPE to 2.4 at 50% LDPE,. The rise of the highly combustible
gases (H2 & CH4) increased the LHV from 2.8 to 4.1MJ/Nm3 which was less than the sharp rise
in the hydrogen due to the offset effect that happened by the drop of the CO which decreased by
approximately 68%.
Table 3-3 Effect of LDPE ratio premixed with birch sawdust as feedstock

LDPE pre-mixed in feedstock
LDPE %
15%
30%
H2(%)
7.9
13.91
CO (%)
8.86
13.82
CH4 (%)
2.5
7.03
CO2(%)
1.76
0.82
3
LHV (MJ/Nm ) 2.88
5.77
H2/CO
0.9
1.01

50%
12.04
4.94
6.23
1.13
4.16
2.4
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That behavior aligned well with what Pinto et. al. [67] observed when the PE was added at 40-60
wt%; Hydrogen was doubled and CO decreased by approximately 25% compared to the pure
biomass. He noted that the H2/CO and H2/CO2 ratios were higher as the ratio of the polyethylene
increased, which was attributed to the polymer cracking and possible consumption of CO2 by the
Bourdouard reaction. The increase in CH4 is attributed to the methanation reaction, which is
promoted due to the high concentration of Hydrogen.
It has been observed by other researchers who studied mixtures of coals, plastics, and wood, that
the addition of plastics enhances the specific energy of the produced gas (energy of the produced
gas / fuel mass rate) which is attributed to the increase of both CH4 and the light hydrocarbons
[63]. The thermal cracking of the plastic polymer structure into large fragments is expected to be
the reason behind producing saturated and unsaturated hydrocarbons which in turn crack into
hydrogen and light hydrocarbon, and resulted in an increased yield. Zhu et al. [110] noticed the
product gas’s calorific value is higher when more polyethylene was added to the beechwood
which was related to a higher calorific value of the feedstock itself as the polyethylene is almost
three times that of the wood’s calorific value. The hydrogen content was higher. As well as the
tars content which is related to the high volatile content in the plastics.
The higher H2 content in the product gas and the higher H2 to CO concentration is a feature that
is favoured in different applications such as hydrogen production, methanol, and higher
hydrocarbon weight fuel production via Fischer-Tropsch. The tar content has been noticed to
increase with the plastic addition in this study (photos were added in Appendix B) which was the
same observation by Zhu et. al [110] who observed less tar produced from the wood gasification.
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3.3 Effect of various bed materials on co-gasification of plastics and biomass
3.3.1

Effect of olivine as a bed material on co-gasification of plastics and

biomass
The effect of olivine as a bed material has been studied by gasification of pre-mixed biomass (birch
sawdust BSD and rice husk RH) with plastics (LDPE and HDPE) at a constant ratio of 50%
wplastic/wsample (Figure 3-1 is a visual representation of different mixtures). All experiments took
place at 850 °C and with an airflow rate 20 scfh. The feedstock flow rate was adjusted to fix the
equivalence ratio at 17-18% according to the fuel composition. Olivine sand was used for all
experiments for birch sawdust and another fresh olivine sand was used for rice husk experiments.
The weight of the bed ranged from 2,500 g to 2,800 g offering 23-26 cm bed height. Silica sand
runs were considered as the base case.

Silica sand

Olivine sand

Birch sawdust

Birch sawdust

LDPE

HDPE

LDPE

Rice husk

LDPE

HDPE

HDPE

Rice husk

LDPE

HDPE

Figure 3-1 Different batches of biomass-plastic mix at ratio 50%
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The hydrogen concentration of the silica sand runs was steady for each feedstock combination at
the same operating parameters. In contrast, for the olivine runs, the high production of hydrogen
at the first runs (850 °C bed temperature and air flow rate 20 scfh) due to the catalytic activity on
the olivine surface that enhanced the breakage of the C-H bond of the feedstock structure. The
rise in hydrogen was followed by a consecutive drop of its concentration in the product gas due
to the loss of olivine’s catalytic activity (Notice runs 6 - 8 in Figure 3-2 and runs 4 - 6 in Figure
3-3) The carbon monoxide followed the same pattern of deficiency as the hydrogen, which can
be related to the deposition of carbon on the olivine surface which can be examined by CHN-S
or a thermogravimetric analysis (in future investigation).
The gas yield was calculated for the runs based on molar balance of nitrogen. The gas yield from
the mixture of BSD with plastics decreased from 1.4-1.5 to 1.2-1.3 (Nm3/kg feedstock) when
used the silica sand and the olivine, respectively. While the rice husk mixtures yield was less
than that of the BSD mixtures at an average of at 1.2-1.3(Nm3/kg feedstock)
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Figure 3-2 Product gas (dry) components concentration from BSD mixed with plastics using silica
and olivine ( runs 1-4 silica sand bed, 5-8 olivine bed, runs 1,2,5,6 BSD+LDPE runs 3,4,7,8 BSD+
HDPE)
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Figure 3-3 Product gas (dry) components concentration using silica and olivine(runs 1-2 Silica sand
bed, 3-6 olivine bed, runs 1,5,6 RH+LDPE runs 2,3,4 RH+HDPE)
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The behaviour of declining hydrogen concentration was noticed while gasification of plastic
waste [111]. It is believed that the olivine, which has a proven catalytic effect, is capable of
enhancing the plastic thermal degradation resulting in a higher gas yield and more hydrogen
productivity. The catalytic effect degrades over time because the metals started depletion into the
hydrocarbons formed on the surface and escapes with the fines. To maintain the highest
hydrogen concentration in the produce gas, replenishment of the olivine is needed to have an
uninterrupted operation. Devi et al. [93] compared the tar reformation that occurred by calcined
dolomite versus the untreated olivine. Although the dolomite addition to the sand bed was more
reactive in decomposing 90% of tar, the olivine addition converted 70%. It was noted that the
olivine resistance to attrition is higher and was seen as promising bed material. An interesting
technique was done by Sergio et al. [112], where the used olivine (used as a catalytic filter in the
freeboard) performed better than the fresh olivine in steam gasification reaction attributed to a
positive effect of a char particles on the tar conversion. It is noticed that hydrogen yield
increased by 20% and the tar dropped by 87% even after 4 hrs of operation.
The positive insight in all experiments is that the product gas has H 2/CO ratio greater than 1, which
qualifies the gas to be used in hydrogen dependant applications. However, the noticeable amount
of ash produced during rice husk gasification is a factor that limits the temperature of the process
as it might cause sintering [113]. Park et al. [57] noticed the agglomeration caused during rice husk
gasification and studied its adverse effect on the air hydrodynamics which caused a drop in the gas
quality. Different structures of agglomerates are shown in Figure 3-4
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b
a

Figure 3-4 Ash agglomeration in sand beds a-BSD+LDPE b-RH-LDPE

Table 3-4 Examples of agglomerate’s structure from rice husk

Sample
1
2
3

SiO2
70.19
64.43
92.43

3.3.2

MgO
16.71
22.05
0.95

Fe2O3
6.25
7.7
0.48

K2O
2.41
1.2
4.11

Al2O3
1.72
2
0.22

CaO
.87
0.73
1.18

Cr2O3
.96
1.03
0.07

MnO
0.43
0.41
0.27

P2O5
0.13
0.13
0.13

others
<0.1
<0.1
<0.1

Effect of red mud as a bed material on co-gasification of plastics and

biomass
The red mud, which is rich in iron and aluminum compounds (as mentioned in section 2.3.2 ), is
considered an undesirable waste of bauxite residue.
It has been used as a bed material for the 3 types of mixtures mentioned in Figure 3-5. The
experiments were done at the same temperature 850 °C. The equivalence ratio was kept constant
at 16-17%. Product gas, rich in hydrogen and carbon monoxide, was obtained and summarized in
Figure 3-6
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Red mud
Birch sawdust

LDPE

HDPE

Rice husk

HDPE

Figure 3-5 Red mud feedstock combinations (50%biomass-50%plastic)
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Figure 3-6 Product gas (dry) components concentration using red mud (run1: BSD+LDPE, run2:
BSD+HDPE, run3: RH+LDPE)

The hydrogen produced using red mud as bed material is generally higher than that produced from
silica and olivine. The birch sawdust mixed with HDPE yielded a higher concentration of H 2 and
CO gas than the birch sawdust-LDPE mix. The H2/CO ratio is more than 1 for all runs which is
suitable for internal combustion engines use or fuel cell applications.

Chen et al.[99] used the red mud for tar reforming and considered the naphthalene as a model
compound. They treated the red mud in three different ways before testing; calcination at 600°C
for 2 hrs, reduction using H2-N2 mixture, and HCl activation. While the red mud pre-exposure to
H2 enhanced the tar decomposition to yield lighter hydrocarbon and hydrogen. It was mentioned
that the presence of CO within the reducing gas caused a coking problem then the process had to
stop after 4 hrs. I believe that in this study the red mud was reduced by the gasification product
gas (mainly H2) consequently the catalytic effect of the iron compounds contributed to producing
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more hydrogen. However the test was done for 30-40 minutes only, so we cannot agree or disagree
with the fact of losing the red mud surface activity due to the CO existence or coke deposition.

Table 3-5 Gasification conditions and gas composition from litrature

Nam et al. Park Kim et Zaccariello
[114]
et al. al.
and
[57]
[104] Mastellone
[105]
Hardwood Rice Wood Wood
pellets
husk
19.9
18
18.4

Zaccariello
and
Mastellone
[105]
Recycled
Plastic
42.69

Narvaez Arena et Mastral
et
al. al. [115] et al.
[109]
[116]
Pine
wood
18-18.4

MWP1*

Temp (°C)

850

ER
Bed
material
H2 (%)
CO (%)
Procuct
gas LHV
(MJ/Nm3)
CGE %

0.23
Silica
sand
6.8
15
7.7

Feedstock
Feedstock
HHV MJ/kg

65

700850
0.2
Silica
sand
5
22
5.8

HDPE

42.7

750

870

877

800

887

0.19
Silica
sand
16.5
16.1
5.7

0.25
Silica sand

0.24
Silica sand

.248
olivine

12.16
17.13
6.15

9.2
4.9
7.9

0.26
Silica
sand
9.5
13
4.5

5.9 **
4.5 **

850

Silica
sand
15
-

4162

*MPW: mixed plastic waste
**species concentrations in the produce gas including Nitrogen
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4. Conclusions, novelty statement, and recommendations
4.1 Conclusions and novelty
As the world population continues to increase, the use of plastic products and disposal volumes
will reach higher numbers. Food consumption will follow the same trend. The energy and
chemicals contained in the discarded plastic and agricultural wastes need to be recovered in an
environmental, economical way. In this thesis, LDPE and HDPE have been mixed with biomass
waste and gasified in a bubbling fluidized bed at 850 °C. The mixed feedstocks have produced a
low calorific value of product gas (syngas 3-6 MJ/Nm3) that is rich in valuable hydrogen gas.
In this study, we utilized a fluidized bed reactor for the gasification of biomass. The feeding
problem of plastics was overcome by mixing plastics with biomass which enhanced the flowability
of the feedstock. This technique might be applicable in other reactor configurations and prevent
feed melting/sintering before reaching the reactor [69]. An optimum amount of biomass is needed
otherwise more biomass will decrease the gasification temperature leading to less hydrogen
production and more methanation reaction [117]. The effect of using different bed materials on the
concentration of hydrogen in the syn gas was studied. Olivine can be utilized as a catalytic bed
material and an increase in the hydrogen concentration was noticed, however the loss of the active
sites mandates the replenishment of the bed accordingly. Also, red mud showed proper catalytic
behaviour which was close to the olivine. The advantage of red mud usage is utilizing industrial
waste from the aluminum production, which is considered a liability for that industry as it imposes
storage problems. Consequently, reducing the red mud activity through obtaining it in a fully
oxidized form after the gasification process, will make its disposal safer in the oxidized form but
the drawback is that attrition of the red mud that occurred in the bed resulted in more dust which
mandates more strict dust control measures to prevent any environmental air pollution [118].
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4.2 Recommendations for further investigation and equipment upgrading
4.2.1

Feedstock

The used feedstock in this study was biomass waste and raw Low-density polyethylene pellets and
raw high-density polyethylene pellets. It's recommended to use waste LDPE/HDPE separated or
mixed to test the effect of processing plastics (such as a packaging industry waste)on the product
gas. Mixed plastics would be preferred from a practical point of view to save the costs associated
with the separation process.

4.2.2

Olivine

Olivine presented a good catalytic effect for a certain time but the formation of the coke eventually
covers the active sites, so it is recommended to test the gasification process using calcined olivine
and also adding fresh olivine might help. It is advisable to examine for longer time to make sure
the performance will stay steady.

4.2.3

Red mud

Red mud is a cheap source of catalytic bed material due to the high metal content, especially iron.
The red mud has been dried, crushed, then sieved before being used. During the bed fluidization,
the particles showed attrition behaviour due to friction between particles so deval attrition test is
suggested to quantify the attrition. A study of red mud activation using acid (HCl or HNO3) might
be incorporated[119] due to the dissociation/leaching of sintering particles (sodium
aluminosilicate). Dust collecting system may need modification to handle finer particles and
improve maintainability or use the red mud as a catalytic filter in the freeboard.
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4.2.4

Particulate

The current cyclone needs to be modified/changed with a removable top cyclone for ease of
maintenance. The use of thimble filter may be considered to in the tar/gas sampling to avoid carry
over of any solid particle.

4.2.5

Tar

Tar is one of the main setback challenges in utilizing small-medium scale gasification. Tar has
been noticed to stick to the wall of the piping downstream the reactor due to the wide gradient of
the temperature post the reactor which prevented proper tar exit.
For the system used in this context, a tar sampling system is needed to quantify the amount of tar
and analyze the compounds that are being formed during the process to address the catalysis in a
more precise way. Activated carbon can be also be considered in treating the tar [120].
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5. Appendices
Appendix A. Equipment modification
The reactor was previously used to assess the agglomeration of bed material that leads to defluidization phenomena. so the system wasn’t utilizing all the components as would do a
gasification system. For this study, some of these issues were addressed to better utilize the whole
system for the gasification.
The feeding system consists of a hopper, a screw feeder, a rotary valve, a vibrator, and piping. The
piping has been stuck so the feedstock restricted from entering the reactor due to the melting of
the residue that contains plastics from the previous run (Figure 5-1). When the run started the new
material got stuck at the elbow by the sticky old molten material and the vibrator did not effective
with non flowable matter. As a solution, a ½” hole was introduced to allows the operator to flush
the elbow after the experiment is done. It can also be used as inert gas inlet to prevent backflow of
the produced gas if it caused any challenges for the feeding system.

Figure 5-1 Blockage of feeding line caused by materials residue.
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Figure 5-2 New manufactured inlet to blow any residue after the experiment, or continuously
supply inert gas (N2)

Before starting the experiments, the feeding system was not sealed at the hopper which was leading
to the escape of the product gas and the contamination of the feedstock with tar, this can lead to
the formation of sticky tar within the feedstock that acts as a cohesive material and affect the
flowability of the feedstock. At extreme case, it can cause shut down of operation as mentioned
previously. It has been decided to seal the hopper cover and consider the feed system as batch
instead of continuous feeding, however, if it is needed to be continuous, another sealed container
can be mounted on the top of the current hopper and use two valves to continuously feed the hopper
without compromising the system’s integrity.
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a

b

Figure 5-3 a- un-sealed hopper b- sealed hopper cap and mounted with valve
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Appendix B. Tar accumulation downstream the reactor
The product gases exit the top of the reactor to a 1” piping that ends at the cyclone. Due to the drop
of the temperature at this area, the condensable hydrocarbon (tar) got the opportunity to accumulate
at this line and cause plugging, consequently shut the operation down. The challenge of tar needs
to be addressed by controlling the temperature downstream the reactor to prevent the tar
condensation. It also needs a standard tar sampling system for further study. There are two
techniques for tar collection; solid-phase adsorption (SPA) for quantitative analysis and cold
solvent trapping (CST) for qualitative analysis [121].

Figure 5-4 Tar accumulated in the reactor-cyclone connection

Appendix C. Air Preheater performance
The air, that was being pre-heated before entering the reactor, temperature was around 300 °C.
The performance of the heating was examined at different air flowrates. The heat transfer was
enhanced by increasing the transfer surface area using steel beads. It was noticed that, the heat
transfer increases as the air speed (Reynold number) increases inside the pipe (higher flow rate)
due to the higher heat transfer coefficient, this effect can be understood from the equation
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ℎ=

0.027 𝑘 (𝑅𝑒)0.8 𝑃𝑟 1/3 𝜇 0.14
(
)
𝑑
𝜇𝑤

where h, k, Re, Pr, d, μ, and µw are the heat transfer coefficient, conductivity of tube, Reynold and
Prandtl numbers, diameter of the tube, viscosity of the fluid at bulk and wall temperatures,
respectively.
The below table shows the values of the exit temperature of air at different flow rates.
Air rate (scfh)
10
15
25

Air post preheater (°C)
520
531
660

Appendix D. Feeding calibration
The screw feeding system is consists of twin screws (Figure 5-5) that are coupled to a gearbox
which has variable speed, which can be controlled by the K-tron module (Figure 2-3). The
mechanism of the variable speed is based on the available volume between the screws, therefore
it cannot relate to the mass of the feedstock. The desired mass flow rate of the feedstock needs to
be calibrated for each size (density) by measuring the actual throughput of the system for each
speed. Calibration curves are mentioned below as examples for the rice husk.
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Figure 5-5 Screw feeder (uncovered)

Set point/time (min)
1
1.2
2

2
28.1
35.5
57

4
29.8
36.5
55.5

6
29
35.8
53.7

8
30.3
34.1
55.1

10
25.6
32.5

12
26.9
29.3

average
28.5
34.8
55.3

Figure 5-6 Feeding system module throughput at different set points

Calibration feeding module for Rice husk
1800
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gm/hr

1200
1000
800
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400
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0
1

1.2

2

Set point

Figure 5-7 Calibration the feeding module for Rice husk
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Appendix E. Order and compositions of feedstock used in different runs

Run
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33

Run
date
14-May
20-May
24-Jun
7-Jul
8-Jul
13-Jul
19-Jul
22-Jul
29-Jul
16-Aug
18-Aug
27-Aug
30-Aug
1-Sep
8-Sep
14-Sep
22-Sep
23-Sep
27-Sep
27-Oct
28-Oct
3-Nov
8-Nov
23-Nov
24-Nov
29-Nov
6-Dec
9-Dec
9-Dec
9-Dec
24-Jan
24-Jan
24-Jan

Feedstock
Birch saw dust
Birch saw dust
Birch saw dust
Birch SD +15% LDPE
Birch SD +30% LDPE
Birch SD +50% LDPE
Birch SD +50% LDPE
Birch SD +50% HDPE
Birch SD +50% HDPE
Birch SD +50% HDPE
Birch SD +50% HDPE
Birch SD +50% LDPE
Birch SD +50% HDPE
Birch SD +50% HDPE
Birch SD +50% LDPE
Birch SD +50% LDPE
Rice Husk +50% LDPE
Rice Husk +50% LDPE
Rice Husk +50% HDPE
Rice Husk +50% HDPE
Rice Husk +50% HDPE
Rice Husk +50% LDPE
Rice Husk +50% LDPE
Birch SD +50% LDPE
Birch SD +50% HDPE
Rice Husk +50% LDPE
Rice Husk +50% HDPE
Rice Husk
Rice Husk
Rice Husk
Birch SD +50% LDPE
Birch SD +50% LDPE
Birch SD +50% LDPE

Bed material
sand
sand
Olivine
Sand
Sand
Sand
Olivine
Olivine
sand
Olivine
sand
Olivine
Olivine
sand
sand
Olivine
Olivine
sand
Olivine
Olivine
sand
Olivine
sand
Red mud
Red mud
Red mud
Red mud
sand
sand
sand
sand
sand
sand
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Appendix F. Permission for the Table 1-3 and the Figure 1-4
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